Catalytic reactions of quinol oxidoreductases may lead to the generation of superoxide due to electron leaks from unstable semiquinone intermediates (SQ). For cytochrome bc 1 , the mechanism of suppression of superoxide generation remains unknown. We analyzed conditions of formation of a spin-spincoupled state between SQ and the Rieske cluster (SQ-FeS) associated with catalysis of the quinol oxidation site of cytochrome bc 1 . We reveal that mutants that preclude direct interaction between SQ and the Rieske cluster do not form SQ-FeS and release enhanced superoxide. In the enzymes generating SQ-FeS, little or no superoxide is detected. We propose that SQ-FeS suppresses superoxide generation, becoming an element modulating superoxide release under physiologically relevant conditions slowing electron flow through the enzyme.
Quinol oxidoreductases are an important and ubiquitous group of enzymes engaged in biological energy conversion systems, such as mitochondrial or photosynthetic electron transport chains [1] [2] [3] . The catalytic oxidation/reduction reactions of quinol/quinone involve semiquinone radical intermediates [4] [5] [6] . These radicals, often unstable, can potentially interact with molecular oxygen and generate superoxide [7, 8] . From a bioenergetic point of view, this reaction is a side reaction of electron leak leading to energy loss. In addition, superoxide, as a form of reactive oxygen species (ROS), can be engaged in harmful radical chemistry. On the other hand, it is postulated that ROS can also act as redox signaling molecules [9] . Quite likely, the fate of the action of ROS, whether they act as destructive radicals or cellular signals, depends on its active concentration which is expected to be generally low (for signaling purposes) or high (in deleterious chemical reactions). Thus, a key mechanistic question arises as to how quinol oxidoreductases control the release of ROS. Understanding such mechanisms is an important prerequisite for understanding the role and contribution of energy conserving systems in redox signaling and regulation.
In this study, we focus on the molecular origin of change in the efficiency of superoxide generation by cytochrome (cyt) bc 1 (mitochondrial complex III). Among all complexes of the mitochondrial electron transport chain, cyt bc 1 appears to be the most prominent candidate for an enzyme that is involved in ROS signaling pathways. This is because it releases ROS into the intermembrane space of the mitochondrion by a process that strongly depends on the redox state of its substrates and, correlated with it, the redox state of cofactors in its two cofactor chains [10] [11] [12] [13] [14] . We base our study on the recent discovery of an intermediate state associated with the catalytic quinol oxidation site (Q o site) of cyt bc 1 , whose properties and conditions of trapping made it highly relevant to the issue of modulating the ROS release by this enzyme [15, 16] .
According to the catalytic Q-cycle mechanism, the Q o site oxidizes quinol (QH 2 ) in a so-called bifurcation reaction, which results in the one-electron reduction of two cofactors: 2Fe-2S Rieske iron-sulfur cluster (FeS) from the high-potential chain and heme b L from the low-potential chain (Fig. 1) [17, 18] . In the canonical view, this reaction proceeds through a highly reactive semiquinone intermediate (SQ), formed after the initial reduction of FeS by QH 2 [19] . SQ then reduces heme b L to complete the ubiquinol oxidation. FeS, located in the head domain of the iron-sulfur protein (FeS-HD) that undergoes a large-scale motion between cyts b and c 1 , shuttles electron from the Q o site to heme c 1 [20] [21] [22] . On one hand, the bifurcation reaction is critical to maintain high energetic efficiency of the electron transfer process, on the other hand, it is a potential source of ROS through SQ, whose properties make it potentially reactive with oxygen to form superoxide [23] [24] [25] [26] . Thus, mechanisms of control over SQ to limit production of ROS must exist, but these are not yet fully understood.
Due to the reversible nature of the reactions at the Q o site, SQ can also be formed when reduced heme b L transfers electron back to quinone. This reaction, the so-called semireverse reaction, also can lead to superoxide generation at the Q o site [24, 25, 27] . Indeed, it appears that SQ formed by the semireverse reaction has a high probability of reacting with oxygen when FeS-HD occupies positions remote from the Q o site at the time of SQ formation [25, 27] . This is because FeS cannot be directly engaged in the electron transfers with SQ as the increased distance between them decreases the rate of these reactions, and consequently oxygen can kinetically out-compete FeS in reacting with SQ. In fact, the occurrence of the semireverse reaction under such conditions is experimentally implicated as the reaction scheme that most prominently contributes to the generation of O ÁÀ 2 by the Q o site [27] .
Recent studies revealed that SQ, under certain conditions, can interact with reduced FeS to form a spin-spin-coupled state [15, 28] . This state (designated as SQ-FeS) was identified not only in cyt bc 1 but also in its photosynthetic counterpart -cyt b 6 f, and was shown to be nonreactive with oxygen [16] . This intriguing feature prompted us to examine the SQ-FeS formation in various mutants that affected the motion of FeS-HD to look for a possible correlation between levels of SQ-FeS and ROS production at the Q o site.
Materials and methods
Cyt bc 1 was isolated from Rhodobacter capsulatus strain grown in semiaerobic conditions as described in [29] . [36] . Dotted square marks the part of the enzyme described in detail in Fig. 2 . For simplicity, only electron transfer reactions in one monomer are shown.
Preparations of mutated strains used in this study were described in [30, 31] . Equine cyt c, 2-3-dimethoxy-5-decyl-6-methyl-1,2-benzoquinone (DB), glucose oxidase from Aspergillus niger, and antimycin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cyt bc 1 solution was dialyzed against the reaction buffer composed of 50 mM bicine (pH 8.0), 100 mM NaCl, and 0.01% (w/w) dodecyl maltoside (DDM). DB was reduced to its hydroquinone form (DBH 2 ) with sodium borohydride. Iron (III) citrate, which was used as an internal standard of sample packing efficiency, was prepared before an experiment by the addition FeCl 3 to 10-fold molar excess of citric acid.
Freeze-quench experiments were performed with the use of Biologic SFM-300 stopped-flow mixer equipped with an MPS-70 programmable syringe control. The system was equipped with electron paramagnetic resonance (EPR) freeze-quench accessories. One syringe contained a mixture of cyt bc 1 (50 lM), antimycin (250 lM), cyt c (370 lM), and iron(III) citrate (10 lM). A second syringe contained a solution of DBH 2 (390 lM) in bicine buffer. The reaction was initiated by mixing the solutions from the syringes in a 1 : 1 volume ratio. The reaction mixture was incubated in a delay line, for a programmed period and then injected into an isopentane bath cooled to 170 K. The dispersed frozen droplets were collected in an EPR tube and measured immediately after preparation.
Anaerobic conditions were obtained by the addition of glucose oxidase (to a final activity 1 UÁmL À1 ) and glucose (to a final concentration 15 mM) to all reaction solutions. Reagents after glucose addition were incubated for 30 min and mixed under an atmosphere of pure sulfur hexafluoride gas. All the measurements were performed using a Bruker Elexsys E580 spectrometer (Bruker, Billerica, MA, USA). X-Band continuous wave EPR spectra of FeS were measured at 20 K using a SHQE0511 resonator and ESR900 cryostat (Oxford Instruments, Abingdon, UK). Parameters for FeS and iron(III) citrate measurements were as follows: microwave power 2 mW, modulation amplitude 14.36 G, conversion time 40.96 ms, time constant 81.92, sweep time 83.89 s, number of scans 1-3 depending on the signal to noise ratio. All amplitudes of the registered EPR spectra were normalized using the amplitude of iron(III) citrate spectra as the internal standard.
Reactive oxygen species generation was determined by the measurement of superoxide dismutase (SOD)-sensitive reduction of cyt c by cyt bc 1 [23, 25] . The level of ROS production was expressed as the percentage of cyt c molecules reduced in the presence and absence of 100 unitsÁmL À1 CuZn-SOD. The steady-state enzymatic activity of isolated cyt bc 1 complexes was determined by the measurement of the quinol-dependent reduction of cyt c at 550 nm [32] . Assays were conducted in 50 mM Tris, 100 mM NaCl, 1 mM EDTA, and 0.01% DDM, pH 8.0. The final concentrations of substrates were 20 lM bovine heart cyt c and 20 lM DBH 2 . The final concentrations of cyt bc 1 complexes and antimycin in the assay were 67 nM and 20 lM, respectively.
Results and Discussion
Mutants with a changed distribution of FeS-HD positions exhibit differences in the measured levels of SQ-FeS
The cyt bc 1 mutants of choice used in this study included +2Ala, +1Ala, G167P, G167P+2Ala, and G167P+1Ala (Fig. 2) . +2Ala and +1Ala are single mutants with structural impediments shifting the average distribution of the mobile FeS-HD to a position proximal to the Q o site in such a way that the FeS-HD stays at this site for seconds or milliseconds (+2Ala and +1Ala, respectively), which is much longer than in WT (less than milliseconds) [21, 27, 33] . G167P is a single mutant with the opposite effect, that is, the average distribution of FeS-HD is shifted to a position more remote from the Q o site compared to that in WT [31] . The two double mutants produce effects that are a combination of the opposing effects of the single mutants [31] . In all, the family of these mutants covered the range of change in the average FeS-HD position that can be put in the following order with the first being the closest and the last being most remote from the Q o site: +2Ala, G167P+2Ala, +1Ala, G167P+1Ala, WT, G167P (Fig. 2) . This is reflected by a progressive decrease in the relaxation rate of FeS measured in those mutants under conditions of heme b L oxidized, thus enhancing the phase relaxation of FeS by heme b L in a distancedependent manner (Fig. 2B) [33] .
In the experiments shown in Fig. 3 , a solution of antimycin-inhibited WT or mutants of cyt bc 1 , preincubated with oxidized cyt c was rapidly mixed with water-soluble hydroquinone analog (DBH 2 ) and, after a programmed delay time, the reaction mixture was rapidly frozen [15] . Such samples were analyzed by CW EPR to obtain time-dependent amplitudes of EPR signals originating from SQ-FeS at g = 1.94 (blue) or the reduced FeS which did not interact with SQ at g = 1.90 (black).
Immediately after mixing the substrates with the enzyme, significant amounts of SQ-FeS centers are formed within the experimental dead time (within first 10 ms) for both WT and +2Ala (Fig. 3A,C, respectively) . This time is in the order of magnitude of turnover rate measured for noninhibited cyt bc 1 . The maxima for the SQ-FeS signals are detected at around 0.5 s for WT and 5 s for +2Ala. The longer time needed to reach the maximum of SQ-FeS in the case of the The data were taken from [31] . The closer the average distance between these two cofactors, the larger the value of the relaxation rate, which is depicted as the intensity of green color in the horizontal rectangle. +2Ala mutant is caused by the fact that this mutation severely impairs the turnover rate [34] . While the SQFeS signal appears relatively fast, in comparison to the turnover rate of the antimycin-inhibited enzyme, its decay is rather slow, taking up to hundreds of seconds until the thermodynamic equilibrium between the substrates in the reaction mixture is reached.
The redox midpoint potential of FeS depends on the position of FeS-HD and is higher over 100 mV when the domain is at the Q o position [35] . For this reason, in the +2Ala mutant the reaction starts with FeS nearly fully reduced even though the enzyme is premixed with a molar excess of oxidized cyt c. The amplitude of the reduced FeS and SQ-FeS signals in this mutant are negatively correlated. During the first 5 s of the reaction, when the level of detected SQ-FeS rises, the amount of the measured FeS becomes lower. As the reaction approaches equilibrium, the amplitude of SQ-FeS signal gradually decreases, while reduced FeS reaches a level similar to that at the beginning of the reaction (Fig. 3C ). This mutant clearly demonstrates that SQFeS is formed at the expense of reduced FeS. In other words, the total amount of reduced FeS remains the same but the part of FeS which interacts with SQ appears as a different spectrum with characteristic g transition at 1.94. This implies that the difference between the maximal and minimal amplitude of FeS reflects the occupancy of the Q o site by SQ-FeS in +2Ala mutant. In these terms, maximal occupation of the Q o site by SQ-FeS is approximately 50%. This value is similar to that estimated for WT (42%), established previously [16] . The origin of the 50% of maximum occupancy of the Q o sites with SQ-FeS in not yet understood and this issue requires further studies. One line of experiments to address this question is the use of asymmetrically mutated cyt bc 1 dimers on chromatophores to establish a possible involvement of intermonomer electron transfer in the process of formation of SQ-FeS [28, 36, 37] .
In the remaining forms of cyt bc 1 (WT, G167P, and G167P+2Ala), the reaction starts with FeS predominantly oxidized and the level of reduced FeS reaches a maximum at the end of the reaction. The SQ-FeS signal achieves larger amplitudes in +2Ala compared to WT (Fig. 3C vs A) and is not detectable in G167P (Fig. 3B) , while only traces of SQ-FeS can be detected in G167P+2Ala (Fig. 3D) .
Mutants precluding direct interaction between FeS and SQ do not form SQ-FeS
Considering the difference in the SQ-FeS signal amplitude between +2Ala and WT, one could conclude that the more probable is the occupation of the Q o site by FeS, the more prominent is SQ-FeS signal. However, the mutants containing G167P do not follow this trend. In particular, G167P+2Ala exhibits only traces of SQ-FeS (Fig. 3D) although FeS-HD occupies on an average a closer position to the Q o site compared to WT (Fig. 2) . It thus appears that the presence of the G167P mutation somehow diminishes the probability of SQ-FeS formation regardless of the effect of pushing the FeS-HD toward the Q o site by Ala mutations in the double mutants. To explain this observation, we propose that the presence of FeS-HD at the Q o site is not the only condition required for the formation of SQ-FeS. What is also needed is an ability of FeS and SQ to directly interact, which possibly involves the formation of a hydrogen bond between SQ and one of the histidine ligand of the cluster [38] . The G167P mutation might cause steric constrains which effectively diminish the probability of occurrence of this direct interaction. Figure 4 compares the EPR spectra of reduced FeS which contains the region of g = 1.94 transitions (SQFeS) for WT, +2Ala, G167P, and G167P+2Ala registered in the presence or absence of molecular oxygen. The presence of oxygen has only a minor effect on the efficiency of SQ-FeS formation in both WT and +2Ala for which the amplitude of the g = 1.94 signal is never smaller under aerobic conditions. This general insensitivity of SQ-FeS to the presence of oxygen is consistent with previous observations and the proposal that SQ-FeS is not reactive toward oxygen [16] . However, one could hypothesize that the lack or traces of SQFeS signal observed in G167P or G167P+2Ala mutants, respectively, under aerobic conditions might reflect increased reactivity of SQ-FeS toward oxygen in these mutants. The results clearly show that this is not the case: there are no significant changes in the measured EPR spectra, regardless of whether oxygen was present or not (Fig. 4) . This, on the other hand, is consistent with our proposal that the G167P mutation imposes steric constrains and diminishes the probability of SQ-FeS formation, which is expected to be insensitive to the concentration of oxygen.
Presence of oxygen does not influence formation of SQ-FeS

Formation of SQ-FeS and ROS generation by cyt bc 1 are negatively correlated
Conditions under which SQ-FeS is detected in cyt bc 1 (presence of antimycin) correspond to conditions typically used to measure superoxide production by this enzyme. It is thus reasonable to consider a relationship between superoxide generation and SQ-FeS formation in WT and our family of mutants with varied average positions of FeS-HD (Fig. 5) . Figure 5A reveals that the efficiency of formation of SQ-FeS and ROS generation by cyt bc 1 are negatively correlated. On one hand, all enzymes with the G167P mutation exhibit high superoxide production (32-36%) (Fig. 5A and ref. [31] ) and very low or no formation of SQFeS, regardless of whether it is G167P alone or in the combination with +1Ala or +2Ala. On the other hand, +1Ala and +2Ala mutants exhibit low superoxide generation (9% and 0%, respectively) [25, 27] while showing the highest amplitude of SQ-FeS signal. Wild-type enzyme places itself in the middle, with SQ-FeS prominent, but smaller than in +1Ala or +2Ala, and superoxide generation levels (17%) about twice lower than in the G167P mutant.
Figure 5B shows the relationship just described in the context of the change in the average position of FeS-HD. The data for WT, +1Ala, and +2Ala are consistent with the previously recognized correlation that higher the probability of FeS-HD occupying a position at the Q o site, the lower the probability of ROS production by cyt bc 1 [27, 31] . However, the data for the family of mutants with G167P do not follow this trend. In particular, G167P+1Ala and G167P+2Ala, in which the average position of FeS-HD is shifted toward the Q o site, compared to WT, produce more superoxide. Clearly, in these two cases a higher probability of FeS at the Q o site did not lower the probability of superoxide production. On the other hand, in these two mutants, no or minimal amount of SQ-FeS was detected. It thus appears that the proximity of FeS-HD to the Q o site alone is not enough to provide conditions that diminish the probability of superoxide production, rather it is the formation of SQ-FeS in the Q o site that prevents the site from generating O ÁÀ 2 .
Formation of SQ-FeS is an effective way of diminishing ROS levels under conditions unfavorable for fast turnover All data described above are under conditions where cyt bc 1 was inhibited by antimycin to enhance 80; in case of quinol, the transition is broader with minimum at g = 1.77; while in case of the empty Q o site or FeS-HD shifted out of the site, the transition is very broad and centered at g = 1.76 [42] .
production of superoxide. It is informative to discuss these data with previously published data showing suppression of superoxide by addition of +2Ala mutation to G167P in the noninhibited enzyme [31] (note that such suppression is not observed here in G167P+2Ala when antimycin is present, Fig. 5 ). It appears that in the noninhibited enzyme, when turnover is fast, levels of superoxide generation can effectively be changed by manipulating the movement of FeS-HD and changing the average position it occupies with respect to the Q o site. In this case, the participation of the FeS cluster in electron transfers in the Q o site with the probabilities defined by distance-dependent specific reaction rates is enough to diminish risks of electron leaks to oxygen [27] . This mechanism becomes sufficient in the wild-type enzyme which does not generate detectable ROS in the absence of inhibitors under typical conditions used to measure enzymatic turnover.
The situation changes dramatically when antimycin blocks the outflow of electrons from the Q i site. The residual activity of the enzyme is sustained by the slow turnover of the Q o site in which electrons on heme b L are pushed back to the Q o site to eventually reduce the FeS cluster as a short-circuit reaction, or leak them to oxygen generating superoxide [25, 27] . These reactions restore the oxidized heme b L and thus sustain the slow turnover of the Q o site. Under these conditions, the probability of ROS generation is much higher compared to conditions without inhibitor, and the wildtype enzyme starts to produce a detectable amount of ROS. Remarkably, in all mutants in which the formation of SQ-FeS is impaired (i.e., G167P, G167P+1Ala, or G167P+2Ala) the production of ROS remains high. We thus propose that the direct interaction of FeS with SQ which leads to the formation of SQ-FeS is one of the most effective ways to diminish the level of ROS released from the Q o site. This becomes critical especially under redox conditions unfavorable for a fast turnover of the Q o site when the flow of electrons through the Q i site is impeded (antimycin-inhibited enzyme in our experiments). In living cells this could correspond to conditions of, for example, high membrane potential (slowing the rate of the cross-membrane electron transfer between the Q o and Q i sites) or the redox state of the quinone pool over-reduced (product inhibition of the Q i site by a high concentration of quinol) [11, 14, 31, 39, 40] . In this context, the SQ-FeS state emerges as an important factor that might modulate the amount of ROS released by cyt bc 1 . Formation of H bond between SQ and histidine ligand of FeS (as discussed in detail in [38] ), which is reflected by relatively strong exchange interactions (J constant in the order of 3.5 GHz [15]), might be the factor which potentially limits the reactivity of SQ with molecular oxygen. Such a mechanism was already inferred from chemical studies which showed that formation of the H bond between SQ radical and solvent molecules significantly decreases the reactivity of SQ as it prevents hydrogen abstraction to release It follows that, if ROS is important in redox signaling, the SQ-FeS state may be involved in reporting the redox status of the cell [9] . Otherwise, that is, without any control, the massive ROS release would act destructively rather than as a signal.
Concluding remarks
The results presented in this paper reveal important mechanistic elements associated with the formation of a spin-spin-coupled state between semiquinone and the Rieske cluster (SQ-FeS) and its involvement in the redox reactions of the Q o site. We show that only direct interactions between SQ and FeS allow the formation of SQ-FeS which is manifested by characteristic EPR transition with g = 1.94. SQ-FeS very efficiently suppresses the superoxide production at the Q o site, especially under conditions which slow the electron flow through the enzyme. It is thus proposed to be an important factor of modulating of ROS release by the enzyme which possibly engages in redox signaling pathways.
